In this paper, we studied the irradiation and ageing effect on the extraction properties of N,N 0 -diethyl-N,N 0 -di(p-hexylphenyl)-1,10-phenantroline-4,7-dichloro-2,9-dicarboxamide (1) and 2,5,9,12-tetra(n-hexyl)- (2) towards Am(III) and Eu(III). DFT calculations were applied to estimate the probable ways of radiolysis for (1) and (2). Degradation products were identified by high-resolution ESI-MS. The interaction of (1) and (2) with the products of solvent radiolysis was established to be the most probable mechanism of ligand destruction.
Introduction
One of the main tasks for the modern nuclear industry is the development of new efficient technologies for the treatment of enormous accumulated volumes of high level radioactive waste (HLW). 1 Final disposal of this type of waste requires construction of repositories which will be stable over very long periods of time, because the total radioactivity of HLW will decrease to the safe level of natural uranium no earlier than in 100 000 years. Minor actinides (i.e. neptunium, americium and curium) have a major impact on the total long-term radioactivity of HLW although their content in the waste does not exceed 0.1%. Isolation of minor actinides and their further burning in next generation nuclear reactors will allow a decrease in the mandatory safety period of a repository. For this, it is necessary not only to extract americium and curium from HLW, but also to separate them from lanthanides. The latter problem is particularly difficult, since the chemical properties of actinides and lanthanides are very close.
Solvent extraction is the most suitable method for separation of actinides and lanthanides at the industrial scale. There are a number of various organic ligands which are being tested for selective separation of minor actinides.
2 Extractants and their organic solutions must have not only high efficiency and selectivity towards americium and curium but also high resistance to ionizing radiation. Radiolysis and its products can result in destruction of extractants, formation of compounds with diverse extraction behavior, formation of third phase or sediments of different nature.
Earlier, the radiolytic stability of a number of extraction systems developed for both the group separation of An(III)/Ln(III) and their individual element's separation has been studied in details. [3] [4] [5] [6] [7] The classical experimental approach for testing of the radiation stability is an external gamma irradiation of organic extractant solutions, subsequent extraction experiments and determination of qualitative and quantitative composition of radiolysis products. However only few studies were performed on the theoretical predictions of irradiation effects and the most radiation-stable ligands. In 2014, Koubský and Kalvoda 8 had proposed a version of ab initio calculations for estimation of the radiolytic stability of ligands. It was shown that characteristics of molecular orbitals (MO) (e.g. difference between HOMO and LUMO) could be used as a descriptor of radiolytic stability. But such a descriptor is common for all possible reactions that can occur with the extractant. In the further studies 9 of the same authors, the theoretical description of the reaction mechanisms for diglycolamide (DGA) during radiolysis was proposed.
One may propose two main routes of ligand destruction in gamma-irradiated "ligand in organic phase/nitric acid solution" system. First one is the direct bond destruction under irradiation and the second is the interaction of the ligand with radicals and ions formed by destruction of organic solvent, water, nitric acid and ligand itself. The second route is preferable for diluted (<0.1 M) extractants solutions. 5, 10 In this case, products of radical addition and/or substitution in initial ligand should form. That is why the prediction of ligand radiation stability must be based on our knowledge about the position of reaction centers and "strength" of bonds in initial ligand to evaluate probability of radical reactions.
Here we propose relatively simple methods of population analysis (Mayers bond order and Fukui molecular orbital theory) in order to estimate main directions of radical attack under irradiation and to predict main radiolysis products. Fukui indices were used for example in ref. 11 for modelling of cOH radical behavior in radiolysis process. However application of this method for complex systems with an appropriate accuracy needs much more computational resources.
Here we present the results of our study on radiolytic stability of N,N 0 -diethyl-N,N 0 -di(p-hexylphenyl)-1,10-phenantroline-4,7-dichloro-2,9-dicarboxamide (1) and 2,5,9,12-tetra(n-hexyl)- (Fig. 1) . Although extraction properties of diamides of heterocyclic acids (pyridine-2,6-dicarboxylic, 2,2 0 -bipyridine-6,6 0 -dicarboxylic and 1,10-phenantroline-2,9-dicarboxylic) towards actinides and lanthanides are well described the literature, 12-14 the data on their radiolytic stability is limited by those for the diamides of pyridine-2,6-dicarboxylic acid.
15, 16 The ligand (1) have earlier demonstrated high selectivity for separation of neighboring pairs of rare earth elements (REE), 17 and the ligand (2) have demonstrated high selectivity for separation Am/Eu pair. 18 A weakly polar mixture of 1-dodecanol and "Isopar-M" (mixture of branched hydrocarbons) was used as a solvent in both cases.
The aim of this work is to estimate the impact of different routes on the degradation of extractants (1) and (2) under external gamma-irradiation and to demonstrate in silico approach for the elucidation of radiolysis mechanism.
Experimental

Reagents
The ligands (1) and (2) were synthesized according to the procedures described in ref. 17 and 18, respectively. Purity of both compounds was conrmed by 1 H NMR, 13 C NMR and HR-ESI-MS.
1-Dodecanol ("Khimreactiv") with purity 99% and "Isopar-M" solvent ("Exxon Mobil Chemical") with purity of 98% were used without additional purication. "Isopar-M" solvent is a mixture of branched alkanes (C 13 -C 14 ) with a boiling point in the range of 207-250 C. Nitric acid ("Khimmed", a. g.) was used for the preparation of aqueous solutions with a given acidity by dilution with the deionized water Milli-Q (18 MU cm
À1
). Acetonitrile (HPLC gradient grade, Sigma Aldrich, USA) with formic acid (puriss. p.a., for HPLC, Fluka, Switzerland) were used as a diluent for electrospray ionization mass-spectrometry (ESI-MS) analysis.
241
Am and 152 Eu were purchased from ZAO "Isotope" (Russia).
Irradiation and ageing of samples
Irradiation of organic phases was performed using "GAMMA-400" (Moscow State University) of cesium-137 gamma-source with dose rate of up to 2.5 Gy min À1 .
Concentration of ligands was 0.05 M. Irradiation was carried out in glass tubes. During irradiation, organic samples were kept in contact with water, 1 and 6 mol L À1 nitric acid, as well as pure organic with no aqueous phases have been irradiated for comparison. The volumes of the organic and aqueous phases were 3 milliliters. Mixed-phase systems were intensively shaken for 15 minutes before the irradiation for saturation and equilibration of the phases. During irradiation, no stirring was performed. Aliquots of organic phases were taken for subsequent solvent extraction experiments and for determination of the qualitative composition of radiolysis products by high resolution ESI-MS aer accumulating the certain dose. For the ageing experiments, the set of similar samples was kept in a dark place. Aliquots of organic phase were taken aer 1, 2, 4 or 24 weeks. Time intervals in ageing experiments are corresponding to the periods of time necessary for the accumulation of doses of 25, 50, 100 and 600 kGy, respectively.
Solvent extraction
Solvent extraction experiments were carried out as follows. Half of milliliter of irradiated or aged organic phases and half of milliliter of aqueous phase containing 3 M nitric acid, americium-241 (initial radioactivity 1.2 kBq mL À1 ) and europium-152 (initial radioactivity 2.0 kBq mL
À1
) were put in 1.5 mL polypropylene vial. The phases were stirred for 15 minutes on the vortex shaker at a temperature of 25.0 AE 0.1 C.
Aer the phase contact, samples were centrifuged (5 minutes, 6000 rpm) and 0.35 mL of each phase was taken for determination of metal radioactivity. Content of 241 Am (E g ¼ 59.5 keV) and 152 Eu (E g ¼ 121.8 keV) was determined by gammaspectrometry using high-pure germanium detector GR 3818 (Canberra Ind.). The relative error of each measurement did not exceed 5%. The distribution coefficients (D) of metals were calculated as the ratio of the counting rate in the organic and aqueous phase, the separation factors (SF) were calculated as the ratio of the distribution coefficients.
Mass spectrometry analysis
The aliquots of organic phases contained ligands aer radiolysis or ageing were diluted with acetonitrile (HPLC gradient grade,
Sigma-Aldrich, USA) containing 1% formic acid (puriss. p.a., for HPLC, Fluka, Switzerland) until the nal concentration of 10 À5 M.
Experiments were carried out with Orbitrap Elite mass spectrometer (Thermo Fisher Scientic GmbH, Bremen, Germany) with electrospray ionization source. Samples were introduced into the ion source using a syringe pump at ow rate 3 mL min
À1
. Mass spectra were acquired in a positive ionization mode. Sheath gas ow rates were from 10 to 25 arbitrary units, auxiliary and sweep gas ow rate was set to zero, spray voltage 3.5 kV, capillary temperature 275 C, S-Lens rf level 60%. Masses were analyzed in Orbitrap mass analyzer with 480 000 resolving power. Fragmentation was done by collision induced dissociation (CID) at normalized collision energy (NCE) 40. All spectra were registered continuously during 1 minute, then averaged. Results were processed using Thermo XCalibur 3.0 soware (Thermo Fisher Scientic Inc.). Mass spectrometry analysis was performed for the samples of the ligand (1) irradiated to the doses of 25 and 200 kGy, as well as for the samples aer ageing for 6 months. In the case of the ligand (2) accumulated doses were 100, 200 and 300 kGy.
Computational details
We performed geometry optimization of the ligands (1) and (2) and the solvent molecules in three steps: (1) and 6-31G basis set 23 in ORCA package 24 and (3) geometry and electron structure renement for further analysis at DFT level of theory with Grimme dispersion correction D3 (D3-B3LYP/def2-TZVPP 21, 22, 25 ). In order to estimate radiation stability we used two methods of the electron structure analysis: Mayer population analysis [26] [27] [28] and Fukui frontier molecular orbitals theory.
29,30
Mayer bond order (MBO) calculation is based on Mulliken population analysis and expression of molecule electron structure as a system of two-centered bonds. Bond order for A and B atoms is dened as:
ðPSÞ mn ðPSÞ nm þ ðRSÞ mn ðRSÞ nm ;
where P stands for electron density, and R spin-density matrices. MBO calculations were performed in ORCA package. Condensed Fukui indices calculation is based on frontier molecular orbitals (HOMO, HOMO À 1 and LUMO) and computation of electron density distribution for neutral molecule and AE1 ions with geometry optimized for neutral molecule. Radical susceptibility (R), electrophilicity (E), and nucleophilicity (N) are dened as:
where P stands for A atom occupancy. Electron density analysis were performed using natural atomic orbitals (NAO) theory 31 in JANPA package.
32
Simultaneous use of two mentioned methods allows us either to determine potential 'weak' bonds, or predict direction of further radical reactions.
All images were obtained with GABEDIT package.
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Results and discussion
Solvent extraction experiments
. Extraction experiments were performed on the intact, irradiated, and aged organic phases.
The results expressed as D(Am) and SF Am/Eu values are presented on Fig. 2 and Table 1 , respectively. D(Am) value strongly depends on the absorbed dose and irradiation conditions. For the samples that had no contact with aqueous phases, one could observe a linear drop of D(Am) with increasing dose value in semi-logarithmic coordinates. For the samples which were in contact with water, a slight growth of both distribution coefficient and Am/Eu separation factor was observed at 25 and 50 kGy doses. This effect can be associated with formation of compounds with better extraction ability under these conditions, which are degraded upon further irradiation. At 100 kGy and higher, the extraction ability linearly dropped in a fashion similar to the samples that did not contact with aqueous phase. Quite different dependence was observed when organic solutions of (1) were irradiated in contact with nitric acid solutions. A sharp decrease in the extraction ability and selectivity was seen already at the relatively low dose of 25 kGy, and then much smoother decrease in the americium distribution coefficient upon further increase of the absorbed dose.
Much smaller effect on the extraction properties was observed for the samples aged without contact with aqueous phase or in contact with pure water. These samples lost only ca. 25% of their initial selectivity aer 6 months of ageing. At the same time, the ageing of (1) solutions in an organic solvent in contact with nitric acid led to a rapid decrease in the extraction properties. Upon contact with 6 M acid, the complete loss of extraction properties occurred within 1 month. Thus, in these conditions the main process is acid-induced ligand destruction. a completely different and rather unique dependence of extraction properties on irradiation and ageing ( Fig. 3 and Table 2 ). The samples contacted with nitric acid solutions fully kept their extraction properties aer irradiation up to 500 kGy, while for the samples contacted with pure water or even without contact with aqueous phase the D values for americium dropped down to a value less than 1 at the dose of 300 kGy. A similar protective effect of nitric acid under external gamma-irradiation had been previously observed for some other extractants, such as 2,6-bis-[5-(2,2-dimethyl-propyl)-1H-pyrazol-3-yl]-pyridine in 1-octanol 34 and carbamoylphosphine oxide 35 but it has still not been explained from the view point of preferential radical reaction routes.
In the ageing experiment, it was shown that contact of ligand (2) with aqueous phases without irradiation does not affect its extraction properties for up to 6 months.
Thus, from the results of solvent extraction experiments we may conclude that the ligand (1) is unstable in contact with acidic solutions. Even for the systems without contact with nitric acid solutions the value of distribution coefficient of Am(III) was less than 1 at absorbed dose of about 150 kGy. On the contrary, the presence of nitric acid demonstrates a protective effect on (2) radiation stability. No changes in extraction properties were observed up to at least 500 kGy in the systems equilibrated with 1 and 6 M nitric acid solution. Analysis of the radiolysis products should provide necessary information for understanding of the processes leading to different behavior of these ligands under irradiation in contact with nitric acid.
ESI-MS analysis of ageing products
Ligand (1). Samples of organic phases aged during six months were analyzed by high-resolution ESI-MS. All the identied compounds are listed in Table 3 . In the case of the samples contacted with pure water, the most intense was a peak at m/z 711.32 corresponding to a protonated ion of the initial ligand (I), as an impurity, there was an additional peak at m/z 693.36 corresponding to the product of substitution of one chlorine atom by the hydroxyl group (II). This peak was the most intense in the samples contacted with 1 or 6 M nitric acid, while a peak of the initial ligand (I) was not detectable at all. In these samples, there were also relatively small peaks at m/z 738.34 (III) and 674.37 (IV). Compound III appears to be a nitration product of II, while IV is presumably an alkoxylated hydrolysis product of ligand (1) . In the case of contact with 1 M nitric acid solution, the intensity of peak IV was c.a. 5% of the main peak (II) intensity, and in the case of 6 M nitric acid solution its intensity reached c.a. 35% of (II). Thus, a contact of organic phase with water results in a slow substitution of one chlorine atom in the ligand (1) by hydroxyl group. The process is accelerated in the presence of nitric acid. As far as amides of heterocyclic acids can extract nitric acid, 12 we can assume that protonation of the phenantroline nitrogen atoms leads to the activation of chlorine atoms in the reactions of nucleophilic aromatic substitution. As seen from the extraction data (Fig. 2) , compound II demonstrates weak extraction properties (D(Am) ¼ 0.1-0.3).
We did not perform the analysis of ageing products for ligand (2) , because no changes of its extraction properties were observed during its ageing.
ESI-MS analysis of radiolysis products
Ligand (1) . The peaks observed in ESI-MS spectra of ligand (1) aer its radiolysis under different conditions, as well as the molecular formulas of radiolysis products and their putative chemical structures are summarized in Table 4 . The abundances of these peaks in individual spectra of samples irradiated under certain conditions are listed in Table 5 .
Under radiolysis conditions, more different products were formed from ligand (1) than we could observe under ageing conditions at the absence of irradiation. Nevertheless, the peak of compound II, which had been already detected in the aged samples, was the most intense peak almost in all the irradiated analyzed samples, including samples irradiated without aqueous phases. According to the work by Stephenson and Stuart, 36 the water solubility in 1-dodecanol is up to 2.5 weight percent (up to 1.4 M), that is enough to replace chlorine atoms at the ligand content of 0.05 M. Since 1-dodecanol was used without additional drying, the content of dissolved water in the solvent could be a source of hydroxy radicals. The initial ligand (I) was identied only in two samples that was irradiated at 25 kGy in contact with water or with 1 M nitric acid, but the last case its peak was rather small. Thus, the process of chlorine substitution by hydroxyl was accelerated by irradiation due to formation of cOH radicals from water molecules. We can propose the same behavior for all diamides of 4,7-dichloro-1,10-phenantraline-2,9-dicarboxylic acid.
As it was shown in the Extraction experiments section, the samples of ligand (1) which were not equilibrated with HNO 3 solutions demonstrated good extraction properties aer irradiation by doses up to 25 kGy. For the sample irradiated in contact with water, a distribution coefficient of americium was even higher than for the initial ligand. These organic samples contained the compound V, a substitution product of one chlorine atom by C 12 H 25 O. It is well known 34 that aliphatic alcohols turn into alpha-radicals during irradiation and these radicals react with dissolved substances. So, we can assume that compound V may have better extraction efficiency and selectivity than the initial ligand (1) .
In addition to compound V, a peak of 4-hexylphenylethylamine (VIII) was detected in several samples. When irradiated by a small dose of 25 kGy, this compound was a minor component, but at 200 kGy its peak became the most intense in the samples of organic phases not equilibrated with nitric acid solution. It should be noted that the second product of amide bond hydrolysis (4-chloro-6-hydroxy-1,10-phenanthroline-2,9-dicarboxylic acid or its monoamide) was not identied in any registered spectra. That was probably due to low solubility or ionization ability of this compound. The radiation-induced hydrolysis, as one of the main processes resulting in loss of the extraction ability upon irradiation, is also typical for aliphatic amides, such as malonamides 37 and diglycol amides.
5
Samples irradiated in the presence of nitric acid contained a variety of degradation products similar to the case of ageing, including substance IV that was established for 6 M nitric acid solution. In contrast to the samples that had no contact with nitric acid, there was no signicant amount of hydrolysis products, which evidences about hydrolysis suppression by nitric acid under gamma-irradiation.
From these results, we can assume a scheme (Fig. 4 ) of the ligand (1) degradation occurring during irradiation and in contact with nitric acid.
Ligand (2) . Mass spectra of samples of the ligand (2) in contact with nitric acid solutions revealed only two peaks at m/z 650.47 and 672.45, corresponding to the initial ligand (Table 6 , compound X) and its adduct with the sodium cation. All other peaks were almost at the noise level. So, any peaks that could be attributed to the products of nitration, nitrosation, or hydrolysis of the ligand were absent from the spectra. Without aqueous phase
II, V (15%), VIII (8%), I (5%) II, III (10%) II, III (5%), IV (5%) 6 M HNO 3 II, IV (20%), III (1%) II, IV (40%), III (5%) II, IV (35%), III (5%) Fig. 4 The main processes occurring in the systems containing ligand (1) during gamma-irradiation and for ageing. In the case of irradiated samples which did not contact with nitric acid solutions, the absolute intensity of the ligand peak decreased with accumulated dose. At the same time, the peak at m/z 836.66, corresponding to the product of ligand reaction with 1-dodecanol (XIII), increased with irradiation dose. Since the molecular mass of the product XIII is equal to the sum of ligand (2) and 1-dodecanol masses, the reaction occurred through the addition rather than the substitution. Most likely, a splitting of one lactam cycle occurred in this case.
In order to establish the structure of compound XIII, we performed fragmentation of the molecular ion corresponding to peak at 836.66. The resulting analysis of mass spectrum is shown in Table 6 .
A singly charged ion peak at m/z 818.66 (XII) was the most abundant in the fragmentation spectrum. The mass difference between XII and XIII is 18, which corresponds to the splitting of one water molecule. This means that the starting compound (XIII) has a free hydroxyl group. This is consistent with the fact that 1-dodecanol was added in the form of an alpha-hydroxy radical. Fragmentation spectrum also contained a peak at 566.38 (XI) corresponding to splitting of the hexyl fragment from the initial ligand. All transformations that occurred with the ligand (2) are shown in Fig. 5 .
Thus, no hydrolysis of the amide groups for the ligand (2) under the experimental conditions had been revealed, and the main process leading to a drop in the extraction efficiency is the interaction with 1-dodecanol. Using of more inert solvent, such as m-nitrobenzotriuoride 14 widely used in the radiochemical industry, should increase the radiation resistance even in the absence of nitric acid.
Theoretical calculations and their comparison with experimental results
Ligand (1) . As calculation of Fukui indices is based on computed partial charges condensed on atoms, its values depend on chosen computational method, basis set and molecule conformation. 38 Here we consider only change of indices during protonation/deprotonation process as a chemical descriptor, in order to neglect all the mentioned factors. Moreover, we averaged indices for atoms in symmetry related positions of ligands (1) and (2), and protonated ligand (2) molecules to decrease its conformational dependence. Fig. 6 and Table 7 show atoms with condensed indices values more than 0.02. Red lines stand for bonds with MBO less than 0.9 (Table 8) . According to this, C2 and C4 (as well as symmetric C2 0 and C4 0 ) atoms were the most reactive ones in phenantroline fragment. Indeed, we noticed chlorine substitution reactions with adding hydroxy-(in a case of ageing and irradiation) and alkoxy-(only for irradiation) groups to C4 atom. Also we found di-substituted products, but in a much smaller quantity. We may predict nitration process for C2 atom, but it is impossible to determine nitro-group position using MS method. We also observed hydrolysis products as well as products of chlorine substitution, especially under irradiation. Hydrolysis corresponds attack on carbonyl carbon atom and one may predict relatively high values of radical and nucleophilic Fukui indices there. But according to our calculations the indices were negligibly small.
Ligand protonation leads to redistribution of electron density and change of Fukui indices. Radical index for C4 atom increased from 0.026 to 0.076, while for C2 it decreased from 0.046 to 0.022. As protonation was not symmetric in this case, such an activation occured only for C4 atom, while symmetric C4 0 became less active. It correlates with experimental data of chlorine substitution: it goes more intensively in a presence of nitric acid and it leads to the formation of mono-substituted products. Besides, calculated activity increased for C5 atom the nearest bond was one of "weak bonds" according to our calculations. We may predict detachment of p-hexyl-phenyl fragment, as well as bond cleavage for C1 atom where the calculated situation was the same. We didn't nd any products of C arom -C aliph bond break, though such processes were described in literature for bipiridyl-bistriazines. 39 In general, for both of ligands we observed "weakest" bonds in case of C arom -C aliph bonds or C-N bonds. Also according to our calculations protonation of ligands doesn't signicantly affect on location and MBO values of the "weakest" bonds.
Ligand (2) . The most reactive centers of ligand (2) (with symmetry averaging) are presented at Fig. 7 and Table 9 . The only noticed reaction was 1-dodecanol addition in samples without nitric acid. We may suppose amine nitrogen atoms to be involved in that process. We didn't observe any products of 1-dodecanol addition for samples with nitric acid. At the same time, our calculations showed a decrease of radical Fukui indices for heteroatoms in amide groups. Addition suppression might be also explained by sterical factor, cause large hydronium cation covers all possible directions of radical attack.
Also C5 Fukui index increased due to redistribution of electron density. But there were no reactions with this atom in our experiment, that can be probably explained by sterical problems. One can see hydrogen substitution at a similar atom in (2,6-bis(5-(2,2-dimethylpropyl)-1H-pyrazol-3-yl)pyridine) radiolysis.
34
Same as for ligand (1), the weakest bonds in the ligand (2) are C arom -C aliph and C-N (Table 8 ). Also, we didn't observe any bond breaking under gamma-irradiation. But analyzing ESI-MS spectra we noticed the peak at m/z ¼ 566, which corresponds to ligand (2) without hexyl group (structure XI in Table 5 and Fig. 6 ). So, predicted weak bond cleavage can take place in another conditions. But in a case of gamma-radiolysis, the main destructive factor is the interaction with radical products of solvent and water radiolysis.
Conclusions
We studied the ageing process of ligands (1) and (2) dissolved in the organic phase during the time up to 6 months. The process of external gamma irradiation was investigated up to absorbed doses of 200 and 500 kGy for ligands (1) and (2), respectively. The samples were aged or irradiated with or without presence of nitric acid solutions.
Theoretical calculations of Fukui indices revealed the most reactive centers in extractant molecules taking part in the observed degradation processes. Under the irradiation conditions we didn't observe any predicted bond breakage, so we can affirm that interaction with solvent molecules fragments (radical or ionic) is a driving force of radiation degradation process.
We clearly illustrated and explained mechanism of ligands radioprotection in presence of acid solution. We also assume that change of a solvent can also increase radiolytic stability of ligands even in absence of nitric acid.
Nevertheless, we used only relative values of Fukui indices that doesn't allow to compare ligands reactivity. At the present moment, we leave quantitative assessment of radiolysis resistance for further investigations.
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